Actinobacillus actinomycetemcomitans is associated with localized aggressive periodontitis, a disease characterized by rapid loss of the alveolar bone surrounding the teeth. Receptor activator of NF-B Ligand (RANKL) and osteoprotegerin (OPG) are two molecules that regulate osteoclast formation and bone resorption. RANKL induces osteoclast differentiation and activation, whereas OPG blocks this process by acting as a decoy receptor for RANKL. The purpose of this study was to investigate the effect of A. actinomycetemcomitans on the expression of RANKL and OPG in human gingival fibroblasts and periodontal ligament cells. RANKL mRNA expression was induced in both cell types challenged by A. actinomycetemcomitans extract, whereas OPG mRNA expression remained unaffected. Cell surface RANKL protein was also induced by A. actinomycetemcomitans, whereas there was no change in OPG protein secretion. A cytolethal distending toxin (Cdt) gene-knockout strain of A. actinomycetemcomitans did not induce RANKL expression, in contrast to its wild-type strain. Purified Cdt from Haemophilus ducreyi alone, or in combination with extract from the A. actinomycetemcomitans cdt mutant strain, induced RANKL expression. Pretreatment of A. actinomycetemcomitans wild-type extract with Cdt antiserum abolished RANKL expression. In conclusion, A. actinomycetemcomitans induces RANKL expression in periodontal connective tissue cells. Cdt is crucial for this induction and may therefore be involved in the pathological bone resorption during the process of localized aggressive periodontitis.
Periodontitis is an infectious disease that leads to the destruction of the tooth-supporting tissues, i.e., the periodontal ligament (PDL), the gingival connective tissue, and the alveolar bone. The PDL is a connective tissue consisting mainly of type I collagen fibers, which mediate the functional attachment of teeth to alveolar bone (25) . The gingival connective tissue is lining the alveolar bone, protecting it from external stimuli of the oral environment and is partially mediating the attachment of tooth to alveolar bone (3) . Although gingival fibroblasts (GF) and PDL cells may exhibit distinct phenotypic characteristics (13) , both cell types establish a dynamic balance between tissue formation and degradation at the tooth-bone interface. Local inflammatory processes cause a shift in this balance and periodontitis may eventually occur.
Localized aggressive periodontitis is a form of periodontal disease that occurs more often in otherwise healthy adolescents and young adults and is characterized by accelerated breakdown of connective tissue and alveolar bone. The gramnegative, facultative anaerobe Actinobacillus actinomycetemcomitans is considered a major agent of localized aggressive periodontitis (12, 29, 49) . Studies on the pathogenic mechanisms involved in this disease have focused to a large extent on the leukotoxic properties of A. actinomycetemcomitans toward human polymorphonuclear leukocytes and monocytes (20, 51) . The capacity of A. actinomycetemcomitans to kill human leukocytes due to the expression of its leukotoxin is considered a virulence feature associated with the occurrence of localized aggressive periodontitis (12) . A. actinomycetemcomitans also has the capacity to produce a cytolethal distending toxin (Cdt) (30, 47, 50) , which is a member of a family of protein exotoxins, produced by several unrelated gram-negative bacteria. A. actinomycetemcomitans is the only oral bacterium known to produce this toxin and ca. 85% of its strains possess the cdt genes (63) . The Cdt holotoxin, consisting of three subunits (CdtA, CdtB, and CdtC), is known to cause growth arrest or apoptosis in mammalian cells via mechanisms involving the activation of DNA damage checkpoint responses (9) . Therefore, the possibility exists that the Cdt may be a virulence factor of A. actinomycetemcomitans.
A number of studies have examined the in vitro and the in vivo bone resorbing capacity of proteinaceous components and lipopolysaccharide (LPS) from A. actinomycetemcomitans (22, 32, 36-38, 41, 42, 58, 61) . Local formation of osteoclasts in inflammatory diseases, such as periodontitis and rheumatoid arthritis, is suggested to occur via the enhanced expression of osteoclast-stimulating cytokines in the inflamed tissue (10, 52) . Thus, T cells, B cells, GF, and PDL cells can express a wide variety of cytokines (1) with the capacity to either inhibit or induce osteoclastogenesis. Three recently described molecules, members of the tumor necrosis factor ligand and receptor superfamilies, regulate osteoclast formation via cell-to-cell interaction (5) . Receptor activator of NF-B ligand (RANKL), a surface-associated ligand on hematopoietic bone marrow stromal cells, and periosteal tissue osteoblasts (24) , as well as T lymphocytes (23, 52) , activate its cognate receptor RANK on osteoclast progenitor cells (15) . The downstream events lead to differentiation of these mononucleated precursor cells, which then fuse and finally become multinucleated bone-resorbing osteoclasts (53) . Osteoprotegerin (OPG), a decoy receptor with homology to RANK, is released from stromal cells and osteoblasts to inhibit the interaction between RANKL and RANK (48) . The ratio of RANKL/OPG expression determines the amount of osteoclasts formed. Most hormones and cytokines stimulating osteoclast formation regulate the expression of RANKL and OPG in stromal cells and osteoblasts (26) . PDL cells have also been shown to express both RANKL and OPG and may therefore be instrumental in mediating bone resorption via the RANKL/RANK interaction (14, 18, 44) . RANKL expression in the periodontium has been implicated in physiological tooth eruption and orthodontic tooth movement (11, 28, 40) , as well as in the pathological process of periodontitis (27, 33) .
The aims of the present study were to explore if A. actinomycetemcomitans can regulate the expression of RANKL and OPG in GF and PDL cells in vitro and to evaluate the putative involvement of its Cdt.
MATERIALS AND METHODS

Materials.
Dulbecco modified Eagle medium, fetal bovine serum (FBS), penicillin-streptomycin, L-glutamine, and trypsin were purchased from Gibco-BRL. The DAPI (4Ј,6Ј-diamidino-2-phenylindole) fluorescence staining kit for mycoplasma detection was from Sigma (St. Louis, Mo.). The MicroBCA assay reagent kit for total protein determination was from Pierce (Cheshire, United Kingdom). The Limulus amoebocyte lysate-based assay used for LPS determination was Coamatic Chromo-LAL from Chromogenix (Mölndal, Sweden). TRIzol reagent was obtained from Life Technologies/Gibco-BRL. The First-Strand cDNA synthesis kit for reverse transcription-PCR (RT-PCR) with avian myeloblastosis virus reverse transcriptase and the PCR core kit for cDNA amplification were from Roche (Mannheim, Germany). A Hot-Start Taq DNA polymerase kit was obtained from Qiagen, Hilden, Germany. An enzyme-linked immunosorbent assay (ELISA) kit for OPG protein quantification was purchased from Immundiagnostik (Bensheim, Germany). For fluorescence-activated cell sorting analysis, recombinant human (rh) OPG-Fc chimeric protein, as well as Fc fragments of rh immunoglobulin G (IgG) used as a negative control were obtained from R&D Systems (Abington, United Kingdom). Polyclonal rabbit anti-human RANKL antibody was obtained from Santa Cruz Biotechnology, and rabbit IgG (used as negative control) was from Dakopats, A/S (Glostrup, Denmark). Fluorescein isothiocyanate (FITC)-conjugated goat antibody to human Fc, which was used as a secondary antibody to rhOPG-Fc, was purchased from Southern Biotechnology (Birmingham, Ala.), and FITC-conjugated sheep antibody to rabbit IgG, which was used as a secondary antibody to the RANKL antibody, was obtained from Dakopats.
Cell cultures. Human GF and PDL cells lines were established as previously described (4) . The PDL and gingival tissue biopsies used were obtained from four healthy young individuals (ages, 13 to 16 years), who were about to have their first premolars removed in the course of orthodontic treatment. Informed consent was given by all subjects, and approval was granted by the Human Studies Ethical Committee of Umeå University, Sweden ( §68/03, dnr 03-029). The cells were cultured in Dulbecco modified Eagle medium supplemented with 10% FBS, 20 U of penicillin/ml, 20 g of streptomycin/ml, and 200 mM Lglutamine. All cell lines were confirmed to be free of mycoplasma infections by using DAPI fluorescence staining. Cells used in all experiments were between passages 4 and 7. For the experiments, GF or PDL cells were seeded at a concentration of 25 ϫ 10 3 cells/cm 2 and allowed to attach for 24 h, maintaining a subconfluent status. Thereafter, the cells were cultured in the presence or absence of bacterial components.
Preparation of the bacterial extract. Outer membrane components from A. actinomycetemcomitans were extracted as previously described (4, 16) . Briefly, bacteria were harvested from cultures of A. actinomycetemcomitans HK1519, D7SS-smooth wild-type strain, and its derivative cdtABC deletion mutant, grown on bacteroides agar containing horse laked blood, for 2 days at 37°C in the presence of 5% CO 2 . The bacteria were suspended in phosphate-buffered (10 mM [pH 7.2]) saline (PBS) containing 30% FBS to a final concentration of 6 ϫ 10 9 bacteria/ml. This suspension was gently agitated at 4°C for 1 h to extract bacterial components. After centrifugation (4°C, 10,000 ϫ g, 15 min), the supernatant was aspirated and frozen at Ϫ80°C until use. Before the initiation of each experiment, this preparation was diluted in the cell culture medium. The extract concentration used in each experiment is expressed as the percentage (vol/vol) of the above-described stock extract dilution in the culture medium.
To investigate the role of Cdt, the D7SS-smooth and its derivative D7SS-smooth ⌬cdtABC strains were used. The D7SS-smooth cdtABC deletion mutant was constructed, characterized, and used in functional assays as previously described (4, 35, 60) . In the present study, the D7SS-smooth strain is designated D7SS wild type, whereas the D7SS-smooth ⌬cdtABC strain is referred to as D7SS cdt mutant.
Purification of A. actinomycetemcomitans LPS and leukotoxin and analysis of their concentrations in bacterial extract. An LPS-enriched fraction of A. actinomycetemcomitans HK1519 was obtained by liquid chromatography. The chromatographic separation was run in an Ä KTA system equipped with a Superose 12 column (Pharmacia, Uppsala, Sweden), with 300 mM NaCl as an elution buffer. This LPS fraction contained Ͻ1% (wt/vol) protein, as determined by the MicroBCA protein assay. To avoid possible effects from the remaining proteinaceous material, the LPS preparation was heated at 65°C for 30 min. The concentration of LPS in the bacterial extracts was determined by a Limulus amoebocyte lysate-based assay.
Leukotoxin was purified and quantified from A. actinomycetemcomitans HK1519, as previously described (16, 17) . The concentrations of LPS and leukotoxin in the bacterial extracts are given in Table 1 .
Haemophilus ducreyi Cdt. Recombinant Cdt holotoxin from H. ducreyi (kind gift by T. Lagergård) was purified as previously described (62) . The Cdts of H. ducreyi and A. actinomycetemcomitans exhibit 95% amino acid sequence homology (47) .
Cdt antiserum: analysis of binding capacity to A. actinomycetemcomitans proteins and neutralization of Cdt. A rabbit antiserum against H. ducreyi Cdt holotoxin was incubated with the bacterial extract in order to neutralize Cdt activity at a dilution of 1:100. The antibodies to H. ducreyi Cdt recognize A. actinomycetemcomitans Cdt as well (30, 31) . This antiserum, as well as antisera to the individual Cdt subunits, were raised in rabbits by injection of the purified components, as previously described (62) (kindly provided by T. Lagergård).
To determine the binding capacity of the H. ducreyi Cdt antisera to the Cdt peptides in the D7SS wild type and to confirm their absence in the D7SS cdt mutant, immunoblot analysis was performed with bacterial lysates of the respective strains. The bacterial cells were heat treated at 100°C for 5 min and centrifuged at 10,000 ϫ g for 5 min, and the supernatant was collected for immunoblot analysis. The methodology was similar to that for the detection of leukotoxin (16) , but the proteins were separated by sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis, and the different Cdt antisera were used as primary antibodies at a 1:1,000 dilution.
RNA isolation, first-strand cDNA synthesis, semiquantitative PCRs, and quantitative real-time PCR. At the end of the experiments, the cell cultures were rinsed three times with 1 ml of PBS each time, and total RNA was extracted from 5 ϫ 10 5 cells with TRIzol reagent according to the manufacturer's protocol. The RNA was quantified spectrophotometrically, and the integrity of the RNA preparations was examined by agarose gel electrophoresis. A total of 1 g of total RNA was reverse transcribed into single-stranded cDNA by using oligo(dT) primers (25°C for 10 min, 42°C for 60 min, and 99°C for 5 min). The cDNA was kept in a volume of 20 l at Ϫ80°C until used for the PCR.
Aliquots of 0.5 l of the synthesized cDNA in a total volume of 25 l of Hot-Start Taq DNA polymerase master mix were amplified in a thermal cycler After completion of all cycles, an additional step of elongation at 72°C for 10 min followed. The expression of these genes was compared at the logarithmic increase phase of the PCR. The PCR products were electrophoretically size fractionated on 1.5% agarose gels and visualized by using ethidium bromide. PCR of samples without the preceding RT step did not result in any products, demonstrating that there was no genomic DNA amplification. The sequence of primers used, the GenBank accession numbers, and the sizes of the PCR products are provided in Table 2 . The identity of the PCR products was confirmed by using a DYEnamic ET terminator cycle sequencing kit (Amersham Biosciences, Amersham, United Kingdom). The nucleotide sequence was determined on an ABMI 377 XL DNA sequencer (PE Applied Biosystems, Foster City, Calif.). Quantitative real-time PCR analyses of human OPG and RPL13a mRNA were performed by using the TaqMan Universal PCR Master Mix kit and ABI Prism 7900 HT Sequence Detection System and software (PE Applied Biosystems) as previously described (2) . The concentration of the primers for OPG and RPL13a was 300 nM, and that of the probes was 100 nM. The sequences of primers and probes, the GenBank accession numbers and the predicted PCR products are given in Table 2 . To control for variability in amplification due to differences in starting mRNA concentrations, RPL13a was used as an internal standard. The relative expression of target OPG mRNA was computed from the target OPG Ct values and RPL13a Ct values by using the standard curve method (User Bulletin 2; PE Applied Biosystems).
Flow cytometric analysis for RANKL protein. After 48 h of challenge, GF and PDL cells were detached (0.1% EDTA, 0.025% trypsin) and fixed (2% paraformaldehyde). RANKL on the cell surface was detected with either 10 g of rhOPG-Fc chimeric protein or 2 g of rabbit anti-human RANKL antibody/ml. As negative controls, 10 g of Fc fragments of rhIgG or 2 g of rabbit IgG/ml was used, respectively. As secondary antibodies, 10 g of FITC-conjugated goat antibody to human Fc or 2 g of FITC-conjugated sheep antibodies to rabbit IgG/ml were used for the OPG-Fc and the RANKL antibody, respectively. Finally, the cells were analyzed with a fluorescence-activated cell sorter (Facstar plus ) by using CellQuest software (Becton Dickinson Immunocytometry Systems). Ten thousand cells were analyzed from each sample, and the data were plotted as the distribution of cells according to their degree of fluorescence. The mean fluorescence value of the cells in each sample was then calculated.
Protein analysis for OPG. The amount of secreted OPG protein by GF and PDL cells in response to A. actinomycetemcomitans extract was quantified by enzyme-linked immunosorbent assay (ELISA) after 48 h of challenge.
Statistical analysis. The significance of differences between the groups was assessed by one-way analysis of variance by using the SPSS software (SPSS, Inc., Chicago, Ill.). P values of Յ0.05 were considered indicative of a statistically significant difference. The data are expressed as means Ϯ the standard error of means (SEM).
RESULTS
Effects of A. actinomycetemcomitans on RANKL and OPG mRNA expression. Gingival fibroblasts and PDL cells were isolated from four different healthy subjects. These cells all exhibited a spindle-shaped, elongated morphology and expressed type I (␣1) procollagen mRNA, demonstrating their fibroblastic phenotype (data not shown). When GF and PDL cell cultures were challenged with A. actinomycetemcomitans HK1519 extract for 24 h, all cell lines expressed RANKL mRNA, whereas the unchallenged cells did not (Fig. 1) . Upregulation of RANKL mRNA by A. actinomycetemcomitans was observed in 16 of 16 experiments with GF and PDL cells from all subjects. In contrast, OPG mRNA was expressed in all unchallenged GF and PDL cell cultures, and the expression remained unaffected after bacterial challenge, as assessed by semiquantitative RT-PCR (Fig. 1) . In agreement with these data, quantification by real-time PCR also demonstrated that the bacterial extract did not affect OPG mRNA expression in GF and PDL cells (Table 3) . Similarly, the mRNA expression of type I (␣1) procollagen was not affected by the bacterial extract (Fig. 1) .
The increased mRNA expression of RANKL was dependent on time of challenge, with an initial response seen at 6 h and a maximal effect at 48 h (Fig. 2a) . The induction of RANKL mRNA was also dependent on the concentration of the A. actinomycetemcomitans extract used (Fig. 2b) .
Effects of A. actinomycetemcomitans on RANKL and OPG protein expression. Flow cytometric analysis, using primary antibodies recognizing human RANKL, showed that substantially more PDL cells and GF expressed RANKL protein at their cell surfaces when challenged with A. actinomycetemcomitans for 48 h (Fig. 3a and b) . Statistical analysis of data obtained in four independent experiments showed that A. actinomycetemcomitans caused significant (P Ͻ 0.05) 2.0-and 3.0-fold stimulation of RANKL protein in PDL cells and GF, respectively (Fig. 3) . We also took advantage of the fact that OPG binds to RANKL and by using chimeric OPG-Fc we could show, simi- a As determined by real-time PCR: The values are expressed as the percentage of the unchallenged controls (i.e., 100%) and represent the mean Ϯ the SEM of OPG expression (calibrated to housekeeping gene RPL 13a) from four independent experiments in GF and PDL cells. The cells were cultured for 24 h in the presence of 1% extract from A. actinomycetemcomitans HK1519. There was no statistically significant difference between the challenged cells and their corresponding controls (P Ͼ 0.05).
b As determined by ELISA: The values represent the mean Ϯ the SEM of the OPG concentrations in the culture media from four independent experiments with GF and PDL cells. The cells were cultured in the absence (control) or presence (A. actinomycetemcomitans) of 1% extract from strain HK1519 for 48 h. The differences between the challenged cells and their corresponding controls were not statistically significant (P Ͼ 0.05).
c As determined by real-time PCR. The values are expressed as a percentage of the unchallenged controls (i.e., 100%) and represent the mean Ϯ the SEM of OPG expression (calibrated to housekeeping gene RPL13a) from four independent experiments in GF and PDL cells. The cells were cultured for 24 h in the presence of 1% extract from A. actinomycetemcomitans strains D7SS (wild type) and D7SS (cdt mutant). There were no statistically significant differences between unchallenged controls and either D7SS wild type or D7SS cdt mutant-challenged cells (P Ͼ 0.05). larly to the data obtained with RANKL antibodies, that challenge of PDL cells and GF for 48 h with A. actinomycetemcomitans resulted in an increased number of cells binding OPG (Fig. 3d and e) . Accumulated data from four independent experiments showed that A. actinomycetemcomitans caused statistically significant (P Ͻ 0.05), 1.8-and 3.1-fold stimulation of OPG binding in PDL cells and GF, respectively (Fig. 3f) .
The effect of A. actinomycetemcomitans on OPG protein production by GF and PDL cells was investigated after 48 h of challenge by using an ELISA kit. The results from four independent experiments with GF and four independent experiments with PDL cells showed that A. actinomycetemcomitans did not cause any statistically significant (P Ͼ 0.05) regulation of OPG protein (Table 3) .
Involvement of Cdt in RANKL induction. When exploring the possibility that the Cdt was responsible for RANKL induction, three types of experiments were performed. First, cells were exposed to an extract from a strain of A. actinomycetemcomitans in which the cdt gene had been deleted (D7SS⌬cdtABC). Second, purified recombinant Cdt holotoxin from H. ducreyi was used to challenge the cells. Third, a Cdt holotoxin antiserum was added to the extract from the D7SS wild-type strain.
In contrast to extract from the D7SS wild-type strain, extract from the D7SS cdt mutant did not induce RANKL mRNA in GF (Fig. 4a) , or in PDL cells (Fig. 4b) . In agreement with the RT-PCR analysis, challenge of GF or PDL cells with extract from cdt mutant did not enhance RANKL protein expression in GF (Fig. 4c) or in PDL cells (Fig. 4d) , as assessed by flow cytometric analysis. Neither the D7SS wild type nor its derivative cdt mutant affected OPG mRNA expression in relation to the controls as assessed by semiquantitative RT-PCR (Fig. 4a  and b) . In agreement with RT-PCR analysis, quantitative realtime PCR demonstrated that neither of these two extracts caused any significant changes in OPG expression (Table 3c ).
Purified recombinant Cdt from H. ducreyi induced RANKL mRNA expression by GF in a concentration-dependent manner (Fig. 5a) . When H. ducreyi Cdt was added to PDL cells in combination with extract from the D7SS cdt mutant, RANKL expression was induced similarly to purified Cdt (Fig. 5b) . Analysis of OPG mRNA expression by RT-PCR indicated a (Fig.  5a ) or PDL cells (Fig. 5b) ; this was also confirmed by quantitative real-time PCR. The latter analysis showed that purified Cdt (1,000 ng/ml) significantly decreased OPG mRNA expression levels in GF to 61.5 Ϯ 10% of the unchallenged control (n ϭ 4, mean Ϯ the SEM; P Ͻ 0.05). The Cdt antiserum used, raised against the Cdt holotoxin of H. ducreyi, recognized two bands in the D7SS wild-type bacterial lysate at 31 and 23 kDa that were not present in the D7SS cdt mutant lysate (Fig. 6a ). Antiserum raised to the H. ducreyi CdtA and CdtB subunits recognized the 23-and the 31-kDa bands, respectively (Fig. 6a) . The bacterial lysate preparations did not show reactivity to rabbit nonimmune serum (data not shown). Pretreatment of the D7SS wild-type extract with the Cdt antiserum abolished the A. actinomycetemcomitans-induced RANKL mRNA expression and did not affect OPG expression in GF (Fig. 6b) or PDL cells (Fig. 6c) . In contrast, rabbit nonimmune serum did not affect the RANKL mRNA expression induced by A. actinomycetemcomitans (data not shown).
Involvement of LPS and leukotoxin in RANKL induction. The possible role of A. actinomycetemcomitans LPS and leukotoxin in RANKL induction was also investigated. In contrast to Cdt (0.3 g/ml), purified LPS (1 g/ml) or leukotoxin (2 g/ml) did not induce RANKL mRNA expression by GF (Fig.  7a) or PDL cells (Fig. 7b) .
DISCUSSION
The present study demonstrates that A. actinomycetemcomitans induces mRNA expression of RANKL in GF and PDL cells obtained from periodontally healthy individuals. The mRNA expression resulted in enhanced RANKL protein on the surface of the cells, as assessed by flow cytometric analysis. The use of either RANKL antibody or OPG-Fc indicated similar levels of RANKL upregulation, and the analysis revealed that GF were more responsive to A. actinomycetemcomitans than were PDL cells. In contrast, the mRNA and protein expression of OPG was not affected by A. actinomycetemcomitans, suggesting that GF and PDL cells exposed to this bacterium express an increased ratio of RANKL to OPG. This indicates that the bacterially challenged cells may have an increased capacity for inducing osteoclastogenesis via cell-tocell interaction with osteoclast progenitor cells by the RANKL-RANK-dependent pathway due to enhanced RANKL expression (53) . Interestingly, the biosynthesis of extracellular matrix proteins, assessed by the mRNA expression of collagen type I (␣1) procollagen, was unaffected by exposure of GF and PDL cells to A. actinomycetemcomitans.
The role of the RANKL-RANK-OPG system in inflammation-induced bone loss is demonstrated by the observation that OPG treatment decreases local bone loss in experimentally induced periodontitis and arthritis (23, 43, 46, 55, 59) . In inflammation-induced local bone resorption, it has been suggested that RANKL is expressed by resident osteoblasts, stimulated by proinflammatory cytokines, such as interleukin-1, tumor necrosis factor alpha, or cytokines of the interleukin-6 family (5, 26) . Alternatively, the possibility exists that RANKL is expressed by infiltrating activated T lymphocytes (23, 52) . This is demonstrated by the finding that A. actinomycetemcomitans antigen-specific Th1 cells obtained from experimental periodontitis rats express higher levels of RANKL compared to the healthy controls (59) and further supported by the finding that A. actinomycetemcomitans extract enhances RANKL mRNA expression in CD4 ϩ T-lymphocytes (54, 55) . We show here that A. actinomycetemcomitans stimulates RANKL mRNA and protein expression in periodontal connective tissue cells as well.
By using the cdt knockout strain of A. actinomycetemcomitans we could show the crucial role of Cdt expression for RANKL induction by this bacterium. Moreover, an antiserum to Cdt blocked RANKL stimulation, induced by the A. actinomycetemcomitans wild-type extract. The antiserum was raised against the H. ducreyi Cdt holotoxin but was found to neutralize the activity of A. actinomycetemcomitans Cdt. Immunoblot analysis showed that this antiserum bound to a 23-and a 31-kDa protein in the D7SS wild-type strain but not in the D7SS cdt mutant strain. These are likely to represent A. actinomycetemcomitans CdtA and CdtB subunits, since CdtA-and CdtB-specific antisera recognized the 23-and 31-kDa proteins, respectively. The observation that antibodies raised against H. ducreyi Cdt also identify A. actinomycetemcomitans Cdt is in agreement with a previous report (31) . The induction of RANKL was also demonstrated by challenging the cells with purified Cdt holotoxin from H. ducreyi, which exhibits 95% amino acid sequence homology with A. actinomycetemcomitans Cdt (47). This toxin solely was sufficient to induce RANKL expression but also able to downregulate OPG mRNA expression. The most likely reason for OPG downregulation by purified Cdt (1,000 ng/ml), in contrast to lack of effect by the bacterial extract, is that the extract may contain less Cdt protein.
Leukotoxin or LPS, at concentrations higher than those (34) . One explanation for the divergent results attained with LPS in the present and other studies may be related to differences in target cell populations. Another explanation may be the molecular diversity of the LPS among various gram-negative bacteria. In the case of A. actinomycetemcomitans, it has been demonstrated that outer membrane components from this bacterium are more potent inducers of cytokine induction (42) and bone resorption (41, 61) than its LPS. Moreover, in contrast to enteropathogenic LPS that shows osteolytic activity at concentrations of nanograms/milliliter, A. actinomycetemcomitans LPS is active at concentrations of micrograms/milliliter (41) .
A. actinomycetemcomitans has been found at high levels in subgingival biofilms and occasionally in periodontal connective tissues (7) of localized aggressive periodontitis patients. Its toxins can be released from its surface (4, 16) and are likely to diffuse into the deeper periodontal tissues, a possibility supported by the serum antibody immune response of periodontitis patients to leukotoxin (56) and Cdt (31) . Therefore, the direct interaction of diffused toxins with cells of the periodontal tissues may induce the expression of molecules related to osteoclastogenesis at the front of alveolar bone resorption. In experimental periodontitis models, profound alveolar bone loss can be caused by transplantation of A. actinomycetemcomitans antigen-specific Th1 cells in rats (19, 59) or by transplantation of blood mononuclear leukocytes from patients with localized aggressive periodontitis to NOD/SCID mice and intraoral inoculation with A. actinomycetemcomitans (54, 55) . Previous studies have demonstrated that proteinaceous surface-associated components (22, 32, 41, 42, 61) or the LPS 
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